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Top quark AFB and W’ model

• We fit the top quark 
AFB at Tevatron using 
the flavor changing W’ 
model.

• This new physics 
model predicts more 
ttbar+1jet events at 
the LHC.

• An exclusion bound is 
given in our work 
using early LHC data.

D Duffty, Z Sullivan, and HZ, Phys. Rev. D 85, 094027 (2012)

be t!tþ j (see Fig. 2). This signal can easily be checked at
the LHC [7,11,16]. Both the ATLAS [31–33] and CMS
[34] collaborations have published results of the inclusive
and t!tþ n-jet cross section measurements.

The strongest constraint on our model comes from the
dilepton decay mode of top quark pair production mea-
sured by ATLAS [31] using an integrated luminosity of
0:70 fb1. The topology of the final state is an opposite-sign
dilepton pair with three jets and large missing
transverse energy E6 T . We simulate detector effects by
smearing jets and leptons with an energy resolution
parametrized by !E

E ¼ affiffiffi
E

p # b; where a ¼ 0:5, b ¼ 0:03

for jets [35], a ¼ 0:1, b ¼ 0:02 for electrons [35,36], and
a ¼ 0:04, b ¼ 0 for muons [37]. We calculate the missing
transverse energy E6 T after smearing from the imbalance of
the reconstructed jets and leptons. To compare with the
ATLAS t!tþ j analysis, we add cuts on the smeared events
as follows:

(i) Electrons: pTe > 25 GeV, j"ej< 1:37 or 1:52<
j"ej< 2:47;

(ii) Muons: pT# > 20 GeV, j"#j< 2:5;
(iii) Jets: pTj > 25 GeV, j"jj< 2:5;
(iv) "Rjj > 0:4, "Rej > 0:4, "R#j > 0:4, "R## >

0:3, "Re# > 0:2, "Ree > 0:2;
(v) and the invariant mass of the charged leptons

mll > 15 GeV.

After acceptance cuts, different cuts are added to ee and
##, or e# events.
(i) For ee and## events, the missing transverse energy

E6 T > 60 GeV, andmll must differ by at least 10 GeV
from the Z0-boson mass.

(ii) For e# events, the scalar sum of the transverse
momenta of jets and leptons HT > 130 GeV.

We compare our result with the ATLAS data shown in
Fig. 1(a) of Ref. [31]. There will be a contribution from
higher-order corrections to tW 0 þ jets if some of the par-
tonic jets are merged by the jet reconstruction algorithm.
The tW 0 process could also be detected in events with more
than three jets due to initial state radiation and final state
radiation. To mimic these effects on acceptance, we rescale
our calculation by comparing our SM t!tþ j results from
MADEVENT 5 (with cuts and smearing) to the theoretical
prediction (after cuts) used in Ref. [31]. All of the new
physics results are rescaled by this same factor and then
compared with the data. We note that the observed event
number by ATLAS is a little larger than the SM prediction,
which slightly weakens the constraint we extract from the
data.
In Fig. 3 we show the allowed parameter space consis-

tent with the Tevatron forward-backward asymmetry
anomaly, and the independent 2$ bound on V 0

td we extract
from the fit to ATLAS data. We see that already with the
first 0:7 fb1 fb$ 1 data, the 1$ region of parameter space
consistent with the Tevatron At

FB is completely excluded at
greater than a 95% C.L. Below 600 GeV the 2$ region of
parameter space is also excluded at 95% C.L.
In the process we are examining, $ðpp ! tW 0 ! t!tdÞ /

V02
td, the cross section significance S=

ffiffiffiffi
B

p
scales like

ffiffiffiffi
N

p
,

FIG. 2. The Feynman diagrams of t!tþ j production in this W0

model.
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FIG. 1 (color online). Region of W0 coupling V0
td vs W 0 mass

consistent with Tevatron measurements of the t!t asymmetry.

 (GeV)W’m
200 300 400 500 600 700 800 900 1000

’
td

V

0

1

2

3

4

5

6

7

8

9

10
)-1j constraint from LHC (0.7fbtt

)-1j constraint from LHC (5fbtestimation of t
 regionσ1

 regionσ2

FIG. 3 (color online). Constraint from the LHC t!tþ j search
on theW0boson. The parameter space above the solid blue line is
excluded by the ATLAS data with 0:7 fb$1 of integrated lumi-
nosity at a 2$ level. We also show the expected exclusion curve
(the dashed red line) with 5 fb$1 of integrated luminosity.
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• Define ratio R as the 
number of decay leptons 
in forward direction as 
function of top quark 
polarization and 
momentum.

• We investigate AFB of 
charged lepton from top 
quark decay analytically 
and numerically.

E Berger, Q.-H Cao, C.-R Chen, J.-H Yu, and HZ, Phys. Rev. Lett 108, 072002 (2012); 
arXiv:1111.3641; E Berger, Q.-H Cao, C.-R Chen, and HZ,  arXiv:1209.4899

As illustrated in Fig. 1, for Et ¼ 200 GeV, about 60% of
‘þ follow the top quark (i.e., cos!t‘ > 0) for a tL, and
almost 100% for a tR.

The top quark rapidity is yt # ln
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEtþpt

zÞ=ðEt&pt
zÞ

p
,

where pt
z is the longitudinal (z component) of the top quark

momentum. The forward direction is specified as the di-
rection of the incident proton beam. The probability for
finding a positive charged lepton in the forward region
when it originates from a top quark with a velocity ",
rapidity yt, and polarization #t is denoted

R‘;#t
F ð"; ytÞ ¼ N‘

F=ðN‘
F þ N‘

BÞ; (3)

where N‘
F (N‘

B) is the number of leptons ‘þ in the forward
(backward) region in the laboratory. After lengthy algebra,
we derive

R‘;#t
F ð"; ytÞ ¼

1

2
þ 1

2ð1þ $&2coth2ytÞ1=2

þ #tcoth
2yt

4"$2ð1þ $&2coth2ytÞ3=2
(4)

for yt 2 ½0; ymax
t (, where ymax

t ¼ ln
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ "Þ=ð1& "Þ

p
.

To illustrate the effect of the top quark boost, we plot RF

as a function of yt in Figs. 2(a) and 2(b). We choose two
characteristic top quark energies, Et ¼ 200 and 600 GeV.
The former energy represents top quarks produced around
the threshold region, while the latter pertains to highly
boosted top quarks. When a top quark moves perpendicular
to the beam line, i.e., yt ¼ 0, there is an equal number
of leptons in the forward and backward regions, i.e.,
RF ¼ 0:5, independent of Et and #t.

For tR, RF increases rapidly with yt because most of the
leptons move close to the direction of motion of the top
quark after being boosted to the lab frame. We can also see
that when Et becomes larger, i.e., the top quark is more
energetic and the lepton is more boosted, RF rapidly
reaches its maximum value 1.

On the contrary, in the case of tL ’s, the ratio RF does not
vary significantly with yt owing to the antiboost effect on
‘þ. For Et ¼ 200 GeV, the boost causes ‘þ to distribute
nearly uniformly, and RF is around 0.5. When the energy of
tL’s is large enough, the large boost forces most of the

charged leptons from top quark decays to move along the
top quark direction of motion, even if they move against
the top quark direction of motion in the top quark rest
frame. The boost yields a large value RF in the region of
large yt. The competing influences leave the tL curve
slightly below the tR curve.
In Fig. 3, we show how RF varies with pt

T and yt. The
distributions for tR’s do not vary greatly with pt

T because
most ‘þ follow tR. However, the shapes of the curves for
tL’s are very different between the low pt

T and high pt
T

regions. As the top quark moves forward, i.e., yt > 0 for
fixed pt

T , the boost becomes more significant as the energy
of the top quark is increased. Therefore, more leptons are
forced to move along the direction of the top quark. On the
other hand, some fraction of the decay leptons which are
initially in the forward (backward) region [y‘ > 0 (y‘ < 0)]
will then be in the backward (forward) region. In summary,
two factors affectRF: the boost and the rearrangement of the
distribution of charged leptons in the forward (y‘ > 0) and
backward (y‘ < 0) regions. The former always increasesRF

while the latter may increase or decrease RF depending on
Et at yt ¼ 0. Generally speaking, when the initial boost is
not significant (low pt

T), RF decreases when yt increases
from yt ¼ 0, as we see in Fig. 3(a). For large enough boost
(pt

T > mt=
ffiffiffi
3

p
), RF always increases with yt; the critical

value is obtained from @RF
@yt

jyt¼0 ¼ 0.

At
FB and A‘

FB.—Positive At
FB indicates more top quarks

are produced in the forward region than in the backward
region. Both tR and tL can generate a positive A‘

FB.
However, tL would need a large boost along the beam
line to overcome the fact that most of ‘þ from its decay
move against it in its rest frame, while tR can yield a
positive A‘

FB even for top quarks near the t!t threshold
region. Therefore, the observed positive At

FB and A‘
FB

indicate that the top quark polarization may be playing a
nontrivial role. In this section we present a general analysis
of the correlation between At

FB and A‘
FB, to prepare for a

better understanding of the numerical results derived from
new physics (NP) models.
Assuming the large At

FB is generated mainly by NP, At
FB

can be divided into the contributions from different
polarizations of top quarks:
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FIG. 2 (color online). (a) The ratio RF as a function of yt for a
top quark with Et ¼ 200 GeV and (b) Et ¼ 600 GeV.
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FIG. 3 (color online). (a) RF as a function of yt for top quarks
with fixed pt

T ¼ 50 GeV and (b) pt
T ¼ 300 GeV.

PRL 108, 072002 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

17 FEBRUARY 2012

072002-2

As illustrated in Fig. 1, for Et ¼ 200 GeV, about 60% of
‘þ follow the top quark (i.e., cos!t‘ > 0) for a tL, and
almost 100% for a tR.

The top quark rapidity is yt # ln
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEtþpt

zÞ=ðEt&pt
zÞ

p
,

where pt
z is the longitudinal (z component) of the top quark

momentum. The forward direction is specified as the di-
rection of the incident proton beam. The probability for
finding a positive charged lepton in the forward region
when it originates from a top quark with a velocity ",
rapidity yt, and polarization #t is denoted

R‘;#t
F ð"; ytÞ ¼ N‘

F=ðN‘
F þ N‘

BÞ; (3)

where N‘
F (N‘

B) is the number of leptons ‘þ in the forward
(backward) region in the laboratory. After lengthy algebra,
we derive

R‘;#t
F ð"; ytÞ ¼

1

2
þ 1

2ð1þ $&2coth2ytÞ1=2

þ #tcoth
2yt

4"$2ð1þ $&2coth2ytÞ3=2
(4)

for yt 2 ½0; ymax
t (, where ymax

t ¼ ln
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ "Þ=ð1& "Þ

p
.

To illustrate the effect of the top quark boost, we plot RF

as a function of yt in Figs. 2(a) and 2(b). We choose two
characteristic top quark energies, Et ¼ 200 and 600 GeV.
The former energy represents top quarks produced around
the threshold region, while the latter pertains to highly
boosted top quarks. When a top quark moves perpendicular
to the beam line, i.e., yt ¼ 0, there is an equal number
of leptons in the forward and backward regions, i.e.,
RF ¼ 0:5, independent of Et and #t.

For tR, RF increases rapidly with yt because most of the
leptons move close to the direction of motion of the top
quark after being boosted to the lab frame. We can also see
that when Et becomes larger, i.e., the top quark is more
energetic and the lepton is more boosted, RF rapidly
reaches its maximum value 1.

On the contrary, in the case of tL ’s, the ratio RF does not
vary significantly with yt owing to the antiboost effect on
‘þ. For Et ¼ 200 GeV, the boost causes ‘þ to distribute
nearly uniformly, and RF is around 0.5. When the energy of
tL’s is large enough, the large boost forces most of the

charged leptons from top quark decays to move along the
top quark direction of motion, even if they move against
the top quark direction of motion in the top quark rest
frame. The boost yields a large value RF in the region of
large yt. The competing influences leave the tL curve
slightly below the tR curve.
In Fig. 3, we show how RF varies with pt

T and yt. The
distributions for tR’s do not vary greatly with pt

T because
most ‘þ follow tR. However, the shapes of the curves for
tL’s are very different between the low pt

T and high pt
T

regions. As the top quark moves forward, i.e., yt > 0 for
fixed pt

T , the boost becomes more significant as the energy
of the top quark is increased. Therefore, more leptons are
forced to move along the direction of the top quark. On the
other hand, some fraction of the decay leptons which are
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two factors affectRF: the boost and the rearrangement of the
distribution of charged leptons in the forward (y‘ > 0) and
backward (y‘ < 0) regions. The former always increasesRF

while the latter may increase or decrease RF depending on
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FIG. 2 (color online). (a) The ratio RF as a function of yt for a
top quark with Et ¼ 200 GeV and (b) Et ¼ 600 GeV.
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Top quark AFB and charged lepton AFB



Top quark AFB and charged lepton AFB

• This correlation 
between the top quark 
AFB and the charged 
lepton AFB can be 
used as a guide for 
model building. 

• The correlation 
between the top quark 
charge asymmetry and 
the charged lepton 
charge asymmetry has 
also been studied at 
the LHC.
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E Berger, Q.-H Cao, C.-R Chen, J.-H Yu, and HZ, Phys. Rev. Lett 108, 072002 (2012); 
arXiv:1111.3641; E Berger, Q.-H Cao, C.-R Chen, and HZ,  arXiv:1209.4899



Distinguish new physics models 
using top quark polarization

• Top quark polarization is a 
powerful tool for studying 
new physics models.

• Traditional method 
requires top quark 
reconstruction which is 
pretty hard when there is 
additional missing ET (dark 
matter) in final state.

• We show that the charged 
lepton energy fraction can 
be used to determine top 
quark polarization without 
top reconstruction.

E Berger, Q.-H Cao, J.-H Yu, and HZ, Phys. Rev. Lett 109, 152004 (2012)

Figure 1(a) displays the normalized energy fraction of
the charged lepton from Eq. (1) for three top-quark ener-
gies, Et ¼ ð250; 500; 1000Þ GeV, for both left-handed and
right-handed top-quark decay. The important point [4,5] is
that the right-handed top quarks tR (dashed curves) pro-
duce more energetic leptons than the left-handed top
quarks tL (solid curves), with the difference becoming
more pronounced with increasing Et.

We exploit the different dependence of tL and tR on x‘
shown in Fig. 1(a) to measure the top-quark polarization
[6]. We introduce a ratioR as a quantitative measure of the
energy fractions of tL and tR,

RðxcÞ ¼
1

!

Z xc

0

d!

dx‘
dx‘ $

!ðx‘ < xcÞ
!

: (2)

This ratio is a function of the cut threshold xc of the energy
fraction x‘. We plot the RðxcÞ distribution in Fig. 1(b) for
three top-quark energies, Et ¼ ð250; 500; 1000Þ GeV, for
both tL (solid curves) and tR (dashed curves). While the
energy distribution Fig. 1(a) varies with the top-quark
energy, the RðxcÞ distribution in Fig. 1(b) shows much
less dependence.

An analytic expression can be derived for RðxcÞ in the
limit ! ! 1. It takes the form

RðxcÞ ¼
3xcð1% "tÞ
2ð1þ 2BÞ % 3"tx

2
cð1% Bþ lnBÞ

2ð1þ 2BÞð1% BÞ2 ; (3)

for xc 2 ð0; 2BÞ, and

RðxcÞ ¼
B2ð2B% 3Þ

ð1þ 2BÞð1% BÞ2 þ
3xcð1% "tÞ

2ð1% BÞ2ð1þ 2BÞ

% 3x2c½1þ 2"t lnðxc=2Þ(
4ð1% BÞ2ð1þ 2BÞ þ x3cð1þ 3"tÞ

8ð1% BÞ2ð1þ 2BÞ
(4)

for xc 2 ð2B; 2Þ, where "t ¼ ð%1;þ1Þ for ðtL; tRÞ, respec-
tively. For small xc, these expressions show that RðxcÞ
grows linearly with xc for tL, whereas RðxcÞ grows as x2c
for tR ("t ¼ 1).
The analytic expressions Eqs. (3) and (4) also explain

why the curves for Et ¼ 500 GeV (! ¼ 0:94) and Et ¼
1000 GeV (! ¼ 0:99) almost overlap. For an energetic top
quark, an important consequence is that the difference
between RðxcÞ for tL and tR is not sensitive to Et, i.e.,
the mass splitting between the parent heavy resonance and
the DM candidate, as long as the mass splitting is not too
small. The tL and tR curves are insensitive to the origin of
the top quark in the collision, whether from a heavy
fermion decay or from a scalar decay. In other words,
RðxcÞ quantifies the top-quark polarization but not the
top-quark origin. Moreover, in order to extract NP signal
events from SM backgrounds, one must normally impose a
set of hard kinematic cuts on the leptons and jets in the final
state. These hard cuts force the top quark to be very
energetic and thus to satisfy the limit ! ! 1. Therefore,
another virtue of the RðxcÞ variable is that the differences
between tL and tR curves do not vary with the hard cuts.
The ratio RðxcÞ appears to show great promise for

distinguishing tL and tR. However, even if it is insensitive
to Et, it presupposes reconstruction of the kinematics of the
top quark (i.e., knowledge of Et). Moreover, until this
point, we have not included the influence of the production
dynamics of the top quark, including matrix elements and
the convolution with parton distribution functions. To
prove our method useful, we must show that there are
good estimators that can replace Et. To this end, we turn
to an explicit calculation of top squark (~t) pair production,
pp ! ~t "~t X ! t"t ~# ~#X.
Collider simulation.—We perform a parton-level Monte

Carlo simulation of top squark (~t) pair production pp !
~t "~t X ! t"t ~# ~#X to demonstrate that R remains useful for
distinguishing tL and tR even when Et cannot be measured
directly. We assume the colored scalar ~t decays entirely
into t~# through the effective coupling

L~tt~# ¼ g~t ~#ðcos$PL þ sin$PRÞt; (5)
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FIG. 1 (color online). (a) Distributions of the energy fraction
x‘ of a charged lepton from top-quark decay for Et ¼ 250, 500,
1000 GeV; (b) The ratio R as a function of the cut threshold xc
for Et ¼ 250, 500, 1000 GeV. The solid lines represent left-
handed top-quark decay while the dashed lines represent right-
handed top quarks.
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“Fermiophobic” Higgs boson at the LHC

• Higgs model with suppressed 
decays to fermions predicts more 
diphoton+dijet events than the SM.

• Although the cross section for the 
HV associated production is a little 
smaller than the VBF process, the 
peak of the V to dijet invariant 
mass distribution is a clearer 
smoking gun of the “fermiophobic” 
Higgs model.

• We simulate this channel and show 
that it can be used to distinguish 
the SM and “fermiophobic” model 
at the early LHC.

E Berger, Z Sullivan, and HZ, Phys. Rev. D 86, 015011 (2012)

production, compared to the SM gluon fusion mechanism.
On the other hand, the ratio of the Higgs signal to QCD
background in the !! channel also improves with pT of the
Higgs boson in the SM [11], so the pT spectrum alone is
not a good discriminator. The fermiophobic possibility
must be reconciled also with a Tevatron collider enhance-
ment in the b !b mass spectrum [3] in the general vicinity
of 125 GeV, implying a possible coupling of the Higgs
boson to fermions. However, these results have yet to be
corroborated by LHC data and could be interpreted in a
model in which effective Yukawa couplings are radiatively
induced [12].

The emphasis in this paper is placed on the investigation
of the fermiophobic option in associated production, with
V decay to a pair of jets. We compute the expected signal
rates from associated production and VBF, and the back-
grounds from pp ! !!jjþ X in perturbative quantum
chromodynamics. Adopting event selections similar to
those used by the LHC collaborations, we show that the
current 4:9 fb"1 might contain #1:9 standard deviation
(1:9") evidence for a fermiophobic Higgs boson in the
pp ! HVX channel. We argue that clear evidence (2:8")
of a fermiophobic Higgs boson could be obtained by study
of the pp ! HVX channel at 8 TeV with 10 fb"1 of
integrated luminosity. We urge concentrated experimental
effort on Higgs plus vector boson associated production.

II. PRODUCTION AND DECAY OFA
FERMIOPHOBIC HIGGS BOSON

Fermiophobic Higgs bosons are produced predomi-
nantly via HV (V ¼ W, Z) associated production or
VBF. Associated production will produce hard jets if V !
jj [Fig. 1(a)], with the invariant mass of the dijet system
Mjj showing a resonance structure in the electroweak
gauge boson mass region (MV # 80–91 GeV). Vector
boson fusion is characterized by two hard forward jets
[Fig. 1(b)], and it contributes a long tail to the dijet invari-
ant mass distribution, with few events in the MV mass
region. In contrast, additional jets from production of a
SM Higgs boson are mostly from soft initial state radiation
off the gluon-gluon fusion initial state. We exploit these
different event topologies to distinguish a fermiophobic
Higgs boson from a standard model Higgs boson.

The contribution to diphoton production from a fermio-
phobic Higgs is surprisingly large. While the cross section
for fermiophobic Higgs production is suppressed com-
pared to the SM by an order of magnitude, the branching
fraction forH ! !! is correspondingly increased. The net
result is that the production cross section for pp ! H þ
X ! !!þ X for a fermiophobic Higgs boson is predicted
to be nearly identical to that of a SM Higgs boson [12].
In order to compare directly with data, we begin with a

Higgs to diphoton signal analysis by the ATLAS
Collaboration [7,13]. ATLAS sees an excess of events
when compared to either the fermiophobic or SM Higgs
models of a factor of 2:0þ0:84

"0:7 [13]. Since we wish to
distinguish a fermiophobic Higgs signal from a SM
Higgs signal, we focus on predicting the fraction of the
ATLAS H ! !! data sample that should contain a dijet
invariant mass peak Mjj near the W and Z masses. Hence,
we normalize the total number of events in our signal
predictions by this experimental factor of 2.
Three fermiophobic Higgs signal processes should con-

tribute to the ATLAS diphoton mass peak: HW, HZ, and
VBF. In order to determine the proportion of each signal
process we calculate the acceptance of each process at
next-to-leading-order in QCD. We generate weighted sig-
nal events using MCFM [14], where we substitute photons
for b quarks in the final state, and use HDECAY [15] to
correct for the branching fraction for H ! !!. We impose
ATLAS inspired [7] acceptance cuts on the two photons in
the final state:
(i) Photon candidates are ordered in transverse energy

ET , and the leading (subleading) candidate is re-
quired to have ET > 40 GeV (25 GeV);

(ii) Both photons must satisfy pseudorapidity cuts of
1:52< j#!j< 2:37 or j#!j< 1:37;

(iii) Both photons must be isolated with at most

5 GeV of energy deposited in a cone of "R ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"#2 þ"$2

p
¼ 0:4 around the candidate, where

$ is the azimuthal angle, after the photon energy is
removed.

We determine the number of events that should appear in
each production channel after ATLAS photon acceptance
cuts by applying a photon reconstruction and identification
efficiency. This efficiency is 65% for ET ¼ 25 GeV and
95% for ET ¼ 80 GeV. We do a linear extrapolation of
photon efficiencies for other values of photon ET , and
assume that it is 100% for a photon with ET > 90 GeV.
We use the ATLAS isolation cut acceptance of 87% for a
120 GeV Higgs boson [7]. As a cross check, we calculate
the diphoton acceptance for the gluon-gluon fusion chan-
nel using the same method and find a cut acceptance of
34.9%, in very good agreement with the 35% given by
ATLAS [7].
The numbers of events predicted in 4:9 fb"1 at 7 TeV

from the HW, HZ, and VBF channels before and after
ATLAS acceptance cuts (scaled by the factor of 2 above)

FIG. 1. Feynman diagrams for (a) HW=HZ associated produc-
tion with H decay to diphotons and W=Z decay to dijets and
(b) VBF production of Hþ dijets.
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We contrast our prediction of the dijet invariant mass
distribution for a fermiophobic Higgs boson with the dis-
tribution one would obtain under our cuts for a standard
model Higgs boson. Jets produced along with the SM
Higgs boson arise from higher order corrections to the
dominant gluon-gluon fusion production mechanism.
Contributions from VBF and associated production are
suppressed by the small branching fraction BRðH ! !!Þ
in the standard model. Using the same cuts described
above, we expect 2.5 signal events for the standard model
Higgs boson with jMjj # 75 GeVj< 25 GeV, many fewer
than in the fermiophobic Higgs case, and smaller than the
uncertainty on the background. The SM situation is illus-
trated in Fig. 3. We conclude from this comparison that
isolating HW þHZ production is effective at distinguish-
ing a fermiophobic Higgs boson from a standard model
Higgs boson.

We complete our analysis by looking forward to the
8 TeV run of the LHC. In Table II we repeat our analysis

for 10 fb#1 of data under the assumption that the same
factor of 2 event excess will appear in the new data sample.
We use the same photon acceptance cuts, efficiencies, and
isolation as at 7 TeV. The signal and background cross
sections change from 7 to 8 TeV, as does the jet acceptance.
With the higher collider energy, the signal jets will be
slightly harder and closer in phase space. We make use
of these changes to obtain an improvement in the expected
signal significance. We increase the transverse energy
threshold of the subleading jet to ETj2 > 25 GeV, and we
tighten the dijet azimuthal angle cut to !"j1j2 < 2:5. After
these cuts we find 4:8# significance, per experiment,
for observation of a Higgs boson plus jets, shown in line
5 of the table. Both VBF and associated production con-
tribute to this result, with VBF accounting for roughly 2=3
of the signal.
Additional boosts from parton luminosity increase the

skew in pseudorapidity between the Higgs and vector
bosons; hence, we loosen the Higgs-vector boson pseudor-
apidity cut to j$jj # $!!j< 1:5. Imposing also the cut
!Rjj < 3:0 to enhance the associated production fraction,
we find a slightly reduced purity, S=B% 1=3:9, and a
significance of S=

ffiffiffiffi
B

p
¼ 2:8 for fermiophobic Higgs boson

production, shown in the last line of Table II. A clear
signal of vector bosons is evident in the dijet mass
spectrum (Fig. 4). We expect that the 8 TeV run of the
LHC can provide compelling evidence of a fermiophobic
Higgs boson.

IV. CONCLUSIONS

In this paper, we investigate the possibility of using
present [7] and future diphoton data from the LHC to
distinguish a fermiophobic Higgs boson from a SM Higgs
boson. Unlike the SM Higgs, nearly 40% of fermiophobic
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FIG. 3 (color online). The dijet invariant mass distribution for
a standard model Higgs boson signal and background at 7 TeV
with 4:9 fb#1 of data. Shaded bands show the statistical uncer-
tainty of the background. The second bin covers the vector boson
mass region jMjj # 75 GeVj< 25 GeV.

TABLE II. Numbers of signal and background events after
cuts expected in 10 fb#1 of data at 8 TeV.

Channel HW HZ VBF Background

Inclusive H ! !!þ X 217þ91
#76 152þ64

#53 510þ214
#179 ' ' '

ATLAS ! cuts 86:9þ36:5
#30:4 62:4þ26:2

#21:9 223:5þ93:9
#78:2 55 599

jM!! # 125j< 3:8 GeV 83:3þ35:0
#29:2 59:8þ25:1

#20:9 199:2þ83:7
#69:7 7387

( 2 jet acceptance 28:5þ12:0
#10:0 23:1þ9:7

#8:1 111:0þ46:6
#38:8 1126

!"jj < 2:5 23:5þ9:9
#8:2 18:3þ7:7

#6:4 80:4þ33:8
#28:1 658

!Rjj < 3:0 22:5þ9:5
#7:9 17:5þ7:4

#6:1 19:8þ8:3
#6:9 539

j$jj # $!!j< 1:5 19:2þ8:1
#6:7 14:9þ6:3

#5:2 13:3þ5:6
#4:7 321

jMjj # 75j< 25 GeV 15:3þ6:4
#5:3 11:2þ4:7

#3:9 3:6þ1:5
#1:3 118
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FIG. 4 (color online). The dijet invariant mass distribution for
a fermiophobic Higgs boson signal and background at 8 TeV
with 10 fb#1 of data. Shaded bands show the statistical uncer-
tainty of the background. The second bin covers the vector boson
mass region jMjj # 75 GeVj< 25 GeV.
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are shown in Table I. Vector boson fusion supplies the
largest fraction of the Higgs diphoton events. However,
since the distinguishing feature is aW or Z dijet mass peak
in theHV final state of interest to us, our additional cuts are
optimized to select the HW and HZ processes.

The dominant component of the diphoton background
is identified by ATLAS to be !!þ n-jet production,
with some contamination from electrons and/or jets fak-
ing photons. We generate inclusive !!þ njðn # 2Þ
QCD backgrounds using MADEVENT [16], add initial-
and final-state showering effects using PYTHIA [17],
and mimic detector effects using PGS [18]. To avoid
double counting, we use MLM matching [19]. After
imposing the diphoton cuts and efficiencies and isolation,
we rescale the number of events having 100<m!! <
160 GeV by a factor 1.41 in order to match the ATLAS
measurement of 22 349 background diphoton events
(22 489 total !! events %140 signal events). In addition
to these processes, we calculate W!!, W!j, Wjj, Z!!,
Z!j, Zjj, but find they contribute less than 1 event after
acceptance cuts, so we do not consider them further. The
total background after ATLAS photon cuts is listed in
the last column of Table I.

III. ISOLATING HV ASSOCIATED PRODUCTION

We focus our analysis on isolating the HV (V ¼ W, Z)
signal by first isolating Higgs bosons plus jets. We identify
the narrow Higgs peak by placing an invariant mass cut of
121:2<M!! < 128:8 GeV [7] (third line of Table I). We
then demand at least 2 jets with j"jj< 4:5, with the lead-
ing (subleading) jet required to have ETj > 40ð13Þ GeV. In
Table I, we see that after jet acceptance, we predict a 3:1#
significance forH þ dijet production, and a signal to back-
ground ratio S=B' 1=8. It is encouraging that we maintain
evidence for Higgs production; however, the signal at this
point is dominated by vector boson fusion. Kinematically,

VBF tends to have very forward jets, with a broad distri-
bution in the invariant mass Mjj. The rest of our cuts are
concerned with extracting a relatively pure HW=HZ
sample.
The next three cuts in Table I make use of different

aspects of the fact that HV is a two-body final state.
Because V recoils against H, we expect the dijets from V
decay to be boosted near each other in the detector. To
enhance this signature we demand !$j1j2 < 2:8, where
!$j1j2 is the azimuthal angle between the leading jet and
the subleading jet. We suppress the forward radiation in
VBF and the background initial state radiation by placing a
cut on !Rj1j2 < 3:0. Finally, we note that the Higgs and
W=Z bosons are produced back-to-back in the center of
momentum frame, and tend to be boosted to nearly the
same rapidity. Hence we place a tight cut on the difference
in pseudorapidity between the reconstructedH (!!) and V
(jj) of j"jj % "!!j< 1:0.
At this point the significance for a fermiophobic Higgs is

1:6#, with S=B' 1=7. In order to improve both the sig-
nificance and purity, we examine the dijet invariant mass
distribution Mjj in Fig. 2. Here we see the region that
includes the W and Z boson masses, 50–100 GeV, shows
a significant peak over background (including an assumed
background uncertainty of

ffiffiffiffi
B

p
events), while above and

below the peak, a handful of VBF events remains. Hence
we make a final cut to extract the vector boson mass
window 50<Mjj < 100 GeV. This leaves us with 12
signal events over a background of 42.4, a relatively clean
S=B' 1=3:5, and a significance of 1:9#. Observation of
this excess would be a tantalizing hint of the existence of a
fermiophobic Higgs boson.

TABLE I. Numbers of signal and background events after cuts
expected in 4:9 fb%1 of data at 7 TeV. ATLAS ! cuts in the
second line include photon acceptances, efficiencies, and iso-
lation.

Channel HW HZ VBF Background

Inclusive H ! !!þ X 86:4þ36:3
%30:2 47:6þ20:0

%16:7 188:6þ79:2
%66:0 ( ( (

ATLAS ! cuts 36:4þ15:3
%12:7 20:0þ8:4

%7:0 84:0þ35:3
%29:4 22 349

jM!! % 125j< 3:8 GeV 29:1þ12:2
%10:2 16:3þ6:8

%5:7 68:6þ28:8
%24:0 2859

) 2 jet acceptance 14:8þ6:2
%5:2 9:1þ3:8

%3:2 50:9þ21:4
%17:8 575

!$jj < 2:8 13:3þ5:6
%4:7 8:0þ3:4

%2:8 43:6þ18:3
%15:3 447

!Rjj < 3:0 12:4þ5:2
%4:4 7:5þ3:1

%2:6 10:1þ4:3
%3:6 329

j"jj % "!!j< 1:0 8:4þ3:5
%2:9 5:0þ2:1

%1:8 4:8þ2:0
%1:7 130

jMjj % 75j< 25 GeV 6:7þ2:8
%2:3 3:8þ1:6

%1:3 1:6þ0:7
%0:5 42.4
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FIG. 2 (color online). The dijet invariant mass distribution for
a fermiophobic Higgs boson signal and background at 7 TeV
with 4:9 fb%1 of data. Shaded bands show the statistical uncer-
tainty of the background. The second bin covers the vector boson
mass region jMjj % 75 GeVj< 25 GeV.
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